INTRODUCTION
Rab proteins are Ras-related GTPases that function in a variety of vesicular transport pathways in mammalian cells [1] [2] [3] [4] . Nascent Rab proteins are modified by addition of one or two 20-carbon geranylgeranyl groups to carboxyl-terminal cysteine residues [5] [6] [7] . The post-translational modification of Rab proteins is critical for their membrane localization [8, 9] and for their interaction with soluble regulatory proteins such as the Rab GDP-dissociation inhibitors (GDIs) [10] . The latter proteins form stable complexes with Rab proteins in the GDP-conformation [11] and appear to play a key role in the cycling of Rab proteins on and off intracellular membranes in conjunction with vesicle budding and fusion events [12] .
The majority of Rab proteins end with xxCC, xCxC or CCxx carboxyl-terminal amino acid motifs and are modified by geranylgeranyl transferase type II (GGTaseII) [13] . The catalytic component of this enzyme, which consists of a heterodimer (α and β subunits), can transfer geranylgeranyl (GG) groups to the Rab substrate only if the latter is bound to a carrier protein termed Rab escort protein (REP) [7, [14] [15] [16] [17] . In cell-free systems REP remains associated with the geranylgeranylated Rab protein after the prenylation reaction is complete [14] and is capable of donating the modified Rab protein to cellular membrane [18] or phospholipid vesicles [19] . Thus in addition to being required for proper presentation of the Rab substrate to GGTaseII, REP appears to play a role in Rab membrane targeting. Several studies have established that geranylgeranylation of Rab proteins Abbreviations used : GGTaseII, geranylgeranyltransferase type II ; GGTaseI, geranylgeranyltransferase type I ; GDI, GDP-dissociation inhibitor ; REP, Rab escort protein ; HEK, human embryonal kidney ; GG, geranylgeranyl group ; PVDF, poly(vinylidene difluoride) ; MVA, mevalonate ; DMEM, Dulbecco's modified Eagle's medium ; Caax, amino acid sequence motif in which cysteine is followed by two aliphatic residues (a) and a variable terminal residue (x). 1 Present address : Centre d'Immunologie, INSERM/CNRS de Marseille Luminy, Case 906, 13288 Marseille, France. 2 To whom correspondence should be addressed (e-mail wmaltese!psghs.edu).
of [$H]mevalonate into Rab8 was measured in human embryonal kidney 293 cells under conditions where the activity of GGTaseI, but not GGTaseII, was blocked by the peptidomimetic inhibitor GGTI-298. The GGTaseI inhibitor did not prevent prenylation of either overexpressed Myc-tagged Rab8 or endogenous Rab8, whereas prenylation of a known GGTaseI substrate with the same carboxyl-terminal motif, Cdc42Hs, was completely blocked.
To rule out the possibility that the apparent prenylation of Rab8 by GGTaseII occurs only when GGTaseI activity is eliminated, metabolic labelling studies were carried out in the absence of the GGTaseI inhibitor, using a REP-binding-deficient Rab8 construct (Y78D) that cannot serve as a substrate for GGTaseII, but is indistinguishable from wild-type Rab8 as a substrate for GGTaseI. Prenylation of the Y78D mutant was reduced by 60-70 % in intact cells, consistent with the conclusion that the majority of Rab8 is prenylated by the REP\GGTaseII system in i o.
by the REP\GGTaseII enzyme complex is highly dependent on structural features outside of the immediate Rab carboxylterminal prenylation site [20] [21] [22] [23] [24] and is sensitive to changes in the nucleotide state of the protein [25] [26] [27] . In particular, REP associates preferentially with the GDP-bound form of the Rab protein [28] . Although most Rab proteins are di-geranylgeranylated, several members of the Rab protein family (e.g. Rab8, Rab13, Rab18) contain only one target cysteine and are distinguished by a carboxyl-terminal Caax [amino acid sequence motif in which cysteine is followed by two aliphatic residues (a) and a variable terminal residue (x)] prenylation motif typically found in Rasrelated GTPases outside of the Rab family. For instance, the carboxyl-terminal sequence of Rab 8 (CVLL) is identical to the prenylation motifs found on Cdc42Hs [29] and Rho1p [30] . In general, when small peptides or proteins contain a Caax motif with M, S, A or Q in the terminal position, they serve as substrates for farnesyltransferase (FTase) [31, 32] . When L occupies the terminal position, proteins are modified by geranylgeranyltransferase type I (GGTaseI) [33, 34] . Unlike GGTaseII, both FTase and GGTaseI can modify monomeric GTPases or small Caax-containing peptides in the absence of an escort protein, and neither enzyme is known to require a particular guanine nucleotide conformation of the substrate protein [35] .
In the absence of direct evidence to the contrary, it has been assumed that prenylation of Rab proteins ending with a CaaL motif, such as Rab8, is mediated by GGTaseI [36, 37] . If true, this would imply that prenylation and correct membrane targeting of such Rab proteins might be accomplished without the ' escort ' function of REP. However, it remains possible that certain intrinsic characteristics of the Rab structure may take precedence over the Caax motif and render these proteins substrates for the REP-dependent GGTaseII enzyme complex. In the present study, we address this issue by evaluating the abilities of a naturally occurring CaaL-type Rab protein, Rab8, to serve as a substrate for GGTaseI versus GGTaseII in cell-free systems and intact human embryonal kidney 293 (HEK293) cells. The results indicate that Rab8 is uniquely able to serve as a substrate for both enzymes in cell-free systems, but is modified predominantly via the REP\GGTaseII pathway in i o.
MATERIALS AND METHODS

Generation of GTPase expression vectors
The cDNA encoding Rab1B was modified as previously described to include a Myc epitope tag (EQKLISEEDL) at the amino terminus of the expressed protein [12] . The cDNA for Rab8 was obtained by PCR amplification from HeLa cell cDNA and modified to include a sequence encoding an amino-terminal Myc tag. The Y to D amino acid substitution at position 78 of the Rab8 protein sequence was engineered by PCR modification of the Rab8(wt) cDNA, using the overlap extension technique [38] . The 5h and 3h oligonucleotide primers included appropriate restriction sites so that the resulting Rab8(Y78D) PCR product could be cloned into a pCMV5 expression vector [39] containing an in-frame 5h Myc-tag sequence immediately upstream from the inserted Rab8(Y78D) sequence. The cDNA encoding Cdc42Hs [29] was provided by Richard Cerione (Cornell University, Ithaca, NY, U.S.A.) and was modified to introduce a Myc tag at the amino-terminus of the protein. The dideoxy chain termination technique (Sequenase 2.0 or Thermo Sequenase, Amersham) was used to verify the DNA sequence of all constructs. The cDNA sequences encoding Myc-tagged Rab1B, Rab8 and Cdc42Hs were subcloned into pCMV5neo [40] for expression studies in mammalian cells.
Preparation of recombinant GTPases
cDNA constructs encoding Myc-tagged Rab1B, Rab8, Rab8(Y78D) or Cdc42Hs were inserted into pET17b (Novagen) and recombinant proteins were expressed in Escherichia coli as described previously [12] . Bacterial cell lysates were prepared in Buffer A (50 mM Hepes, pH 7n4, 5 mM MgCl # , 1 mM DTT, 10 µM GDP) and stored at k80 mC after addition of 20 % (v\v) glycerol. Myc-tagged recombinant proteins were quantified by immunoblot analysis of E. coli lysates using the 9E10 mouse monoclonal anti-Myc antibody (Oncogene Sciences). "#&I-labelled goat anti-mouse IgG was applied as the secondary antibody and the bound IgG was quantified with a Molecular Dynamics PhosphorImager. Known amounts of Myc-Rab1B were included in the immunoblot analysis to provide a standard by which a particular Myc signal could be related to the actual amount of recombinant protein in the lysate.
For some studies the cDNAs encoding Rab1B and Cdc42Hs were modified by PCR to encode an amino-terminal polyhistidine (his ' ) sequence and the recombinant proteins were purified. E. coli lysates derived from 100 ml cultures were supplemented with imidazole and NaCl to final concentrations of 10 and 200 mM respectively. Nickel-agarose spin columns (Qiagen) were equilibrated with Buffer B (50 mM NaH # PO % , pH 8, 300 mM NaCl, 20 mM imidazole and 10 µM GDP). Lysates were loaded onto the columns and the resin was washed three times with 0n6 ml of Buffer B supplemented with 1 mM PMSF. Finally, his ' -tagged proteins were eluted with Buffer B containing 250 mM imidazole. Eluted proteins were concentrated using an Amicon Centricon-10 concentrator and diluted 100-fold with Buffer A. Proteins were stored at k80 mC after addition of 20 % (v\v) glycerol. Rab proteins were quantified by means of the Bio-Rad protein assay and densitometric scanning of Coomassie-stained proteins after SDS\PAGE. Typically, the his ' -tagged protein represented approximately 40-50 % of the total protein eluted from the nickel-agarose resin.
Geranylgeranylation of recombinant proteins in vitro
Varying amounts of Myc-tagged or his ' -tagged substrate proteins typically are incubated at 37 mC in 50 µl reactions containing either 20 ng recombinant REP-1 and 20 ng recombinant GGTaseII αβ subunits (provided by Miguel Seabra, University of Texas Southwestern Medical Center, Dallas, TX, U.S.A.) or 10 or 100 ng recombinant GGTaseI (provided by Pat Casey, Duke University, Durham, NC, U.S.A.). The GGTaseII assays were carried out in Buffer A supplemented with 0n2 mM NP-40, essentially as described by Seabra et al. [7] . GGTase I assays were performed in Buffer C (50 mM Tris, pH 7n7, 20 mM KCl, 5 mM MgCl # , 25 µM ZnCl # , 1 mM DTT, 0n5 mM Zwittergent 3-14), as described by Zhang et al. [41] . Assay mixtures were preincubated at 37 mC for 3 min and the reaction was started by the addition of 1 µCi [$H]GGPP i (15 Ci\mmol ; American Radiolabeled Chemical Corp., St. Louis, MO, U.S.A.). Reactions were terminated after 10 min, unless otherwise indicated, and proteins were separated by SDS\PAGE on a 12n5 % polyacrylamide gel [42] . The dried gel was subjected to fluorography and segments of the gel containing the radiolabelled proteins were excised, solubilized in 0n75 ml of 30 % H # O # for 16 h at 70 mC, and counted in a liquid scintillation spectrometer.
GGTaseI inhibitors
Specific inhibitors of GGTaseI (GGTI-297, GGTI-298) were generously provided by Saı$ d Sebti and Andrew Hamilton (H. Lee Moffitt Cancer Center, Tampa, FL, U.S.A. and University of Pittsburgh, Pittsburgh, PA, U.S.A.). The structures and properties of these inhibitors have been described previously [43] . To inhibit the activity of GGTaseI in cell-free systems, the indicated amounts of recombinant protein were assayed as described above, except that increasing concentrations of GGTI-297 (5, 25 and 50 nM) were added to the reaction mixture. The GGTI-297 (free acid) was solubilized in DMSO containing 10 mM dithiothreitol, and equivalent amounts of solvent were added to parallel control reactions without inhibitor.
Prenylation of Rab proteins in cultured cells
HEK 293 cells were plated at a density of 3n8i10% cells\cm# and grown in Dulbecco's modified Eagle's medium (DMEM) with 10 % (v\v) fetal calf serum for 24 h. The cells were then transfected with 40 µg of pCMV expression vector encoding Myc-Rab1B, Myc-Rab8, Myc-Rab8(Y78D) or Myc-Cdc42Hs as described previously [12] , except that Opti-MEM (Gibco) was used in place of DMEM during the incubation with the calcium phosphate-DNA precipitate and 10 µM lovastatin was added to the culture medium immediately after the transfection. Six hours after the addition of lovastatin, cells were labelled by adding fresh DMEM\10 % FBS containing 200 µCi\ml [$H]mevalonolactone (3n4 Ci\mmol) and 10 µM lovastatin. Where indicated, the labelling medium also contained the methyl ester form of the GGTaseI inhibitor, GGTI-298 (10 µM). Cells were harvested at various intervals after transfection and the overexpressed Myc-tagged proteins were immunoprecipitated as described previously [12] . The relative amounts of Myc-tagged protein collected in the immunoprecipitates were compared by subjecting 10 % of the immunoprecipitated protein to SDS\PAGE followed by immunoblot analysis using affinity-purified rabbit polyclonal antibodies against Rab1B (Zymed Laboratories), Rab8 (Santa Cruz Biotech), or Cdc42Hs (provided by Dr. Tony Evans). "#&I-labelled goat anti-rabbit IgG was used as secondary antibody and the "#&I-labelled blots were exposed to film and quantified by densitometric analysis of the autoradiograph. The relative incorporation of [$H]MVA (MVA l mevalonate) into each of the expressed Myc-tagged proteins was determined by subjecting the remaining 90 % of the immunoprecipitated protein to SDS\ PAGE and fluorography. Fluorographs were quantified by densitometric scanning using a Molecular Dynamics laser densitometer.
To assess the effect of GGTI-298 on the prenylation of endogenous Rab8 and Rab1B in HEK293 cells, parallel cultures were incubated with or without 10 µM GGTI-298 for 15 h in medium containing 200 µCi\ml [$H]MVA and 10 µM lovastatin. Rab8 and Rab1B were immunoprecipitated sequentially from the same cell lysates using the monospecific antibodies described earlier. Immunoprecipitated proteins were resolved on an SDS gel and transferred to a poly(vinylidene difluoride) (PVDF) membrane. The blots were subjected to fluorography, and incorporation of [$H]MVA into the GTPases was quantified by densitometry. Immunoblot analysis was then performed, utilizing the antibodies to Rab8 or Rab1B, followed by "#&I-labelled goat anti-rabbit IgG, to quantify the total amount of each Rab protein on the same PVDF membrane.
RESULTS
Rab8 is a substrate for both GGTaseII and GGTaseI in vitro
To begin to explore the importance of the CVLL carboxylterminal motif in establishing the identity of Rab8 as a substrate for GGTaseI versus GGTaseII, we carried out cell-free reactions in which recombinant Myc-tagged GTPases were incubated with each enzyme. As expected, the wild-type Rab1B was efficiently geranylgeranylated only in the reaction containing REP and GGTaseII ( Figures 1A and 1B) . The opposite was true of Cdc42Hs, a known GGTaseI substrate with a CVLL carboxylterminal motif identical to that of Rab8 ( Figures 1A and 1B) . In contrast to the exclusive enzyme specificity exhibited by Rab1B for GGTaseII and Cdc42Hs for GGTaseI, Rab8 was able to serve as a substrate for either enzyme ( Figures 1A and 1B) . In the reaction catalysed by GGTaseII, Rab8 was a good substrate when compared with the Rab1B standard ( Figure 1A ), but in the GGTaseI reaction, Rab8 was a relatively poor substrate when measured against a comparable amount of Cdc42Hs ( Figure 1B ). In accord with the well-established ' escort ' role of REP in the GGTaseII reaction [14, 19] , the incorporation of [$H]GG into both Rab1B and Rab8 was abolished when REP was omitted from the prenylation reaction mixture (not shown). On the other hand, addition of an equivalent amount of REP to the GGTaseI reaction neither enhanced nor inhibited the prenylation of Rab8 or Cdc42Hs by this enzyme (not shown).
It is presently unclear whether Rab carboxyl-terminal cysteine residues participate directly in the interaction with REP. If they do, this interaction could serve to mask the target cysteines until GGTaseII is recruited to the REP\Rab complex. This model predicts that the interaction of Rab8 with REP might decrease the accessibility of the carboxyl terminus to enzymes that do not interact with REP (e.g. GGTaseI). To test this model, we preincubated Myc-Rab8 in the presence or absence of a 2-fold
Figure 1 Prenylation of recombinant Myc-tagged proteins in vitro
The indicated amounts of Myc-Rab1B ($), Myc-Rab8 (=) or Myc-Cdc42Hs (>) were incubated for 10 min at 37 mC under assay conditions for GGTaseII (including REP) (A) or GGTase (no REP) (B). Each point is an average from duplicate assays which did not differ by more than 15 %. In a separate experiment, recombinant Myc-Rab8 was prenylated by GGTaseI in the presence or absence of stoichiometric amounts of REP (C). Myc-Rab8 (0n3 µM) was preincubated for 10 min at 37 mC in the presence and absence of a 2-fold molar excess of recombinant REP in Buffer B with 1 µCi molar excess of REP-1 and then measured the prenylation of the protein by GGTaseI ( Figure 1C) . The results indicate that REP does not impair the prenylation of Rab8 by GGTaseI. In fact, high concentrations of REP enhanced the GGTaseI-catalysed incorporation of [$H]GG into Rab8 by about 50 %. Although we did not directly confirm the binding of Rab8 to REP in these GGTaseI experiments, it should be noted that the assays were done under reaction conditions normally employed for the GGTaseII assay. Under these conditions, a 20-fold lower concentration of REP fully supported REP-dependent prenylation of both Rab8 and Rab1B by GGTaseII ( Figure 1A) , suggesting that the ability of Rab8 to form an initial prenylation-competent complex with REP is not markedly different from what has been observed previously for Rab1 and other Rab proteins [14, 19, 28] . 
Effects of a specific inhibitor of GGTaseI on prenylation of Rab8
The preceding studies indicate that recombinant Rab8 can serve as a substrate for either GGTaseII or GGTaseI in cell-free systems. However, because the relative concentrations of the prenyltransferases in mammalian cells are not known, it is difficult to predict from these results whether or not both enzymes actually contribute to the modification of Caax-type Rab proteins in i o. To address this issue, we initially employed an experimental strategy based on the selective inhibition of one of the relevant prenyltransferases. Inhibitors of GGTaseII have not yet been developed, but peptidomimetic compounds are available that selectively inhibit GGTaseI at concentrations that have little or no effect on FTase in cell-free assays (GGTI-297) or intact cells (GGTI-298) [43] .
To verify the selectivity of these inhibitors for GGTaseI versus GGTaseII, we performed cell-free assays with GGTI-297. As expected, GGTI-297 proved to be a very effective inhibitor of GGTaseI-catalysed prenylation of the known GGTaseI sub- (Figure 2A ). In contrast, the same inhibitor had very little effect on the prenylation of wild-type Rab1B by GGTaseII. To further evaluate the specificity of the GGTaseI inhibitor in intact cells, we transiently overexpressed Myc-Rab1B, and Myc-Cdc42Hs in 293 cells and allowed non-prenylated substrate proteins to accumulate for a period of 6 h by including lovastatin in the culture medium. Lovastatin inhibits the activity of 3-hydroxy-3-methylglutaryl-CoA reductase [44] and blocks the synthesis of the essential isoprenoid precursor, MVA, thereby uncoupling protein synthesis from prenylation [45] . Prenylation of the accumulated substrate proteins was then initiated by adding medium containing [$H]MVA, with or without 10 µM GGTI-298 (the methyl ester of GGTI-297), and incorporation of radioactivity into the immunoprecipitated Myc-tagged proteins was determined. The results depicted in Figure 2B clearly demonstrate that GGTI-298 is able to completely inhibit the GGTaseI-catalysed prenylation of Myc-Cdc42Hs in 293 cells without impairing the GGTaseII-catalysed prenylation of MycRab1B. Thus, GGTI-297 and GGTI-298 are specific inhibitors of GGTaseI.
Figure 3 Effects of a specific inhibitor of GGTaseI on prenylation of MycRab8 in cell-free assays and in transfected 293 cells
Figure 4 Effects of the GGTaseI inhibitor, GGTI-298, on prenylation of endogenous Rab8 in HEK293 cells
Parallel cultures of non-transfected HEK293 cells were incubated for 16 h in medium containing
We next examined the effects of these compounds on prenylation of Rab8. In cell-free assays, GGTI-297 (50 nM) completely inhibited the GGTaseI-catalysed incorporation of [$H]GG into recombinant Myc-Rab8, while having no substantial effect on the GGTaseII-catalysed prenylation of the same substrate ( Figure 3A) . Having confirmed that GGTI-297 selectively inhibits GGTaseI-mediated prenylation of Rab8 in itro, we transfected 293 cells with a construct encoding Myc-Rab8 and measured the effects of GGTI-298 on prenylation of the overexpressed protein in intact cells ( Figure 3B ). The results show that, as was previously demonstrated for Rab1B, the incorporation of [$H]MVA into Myc-Rab8 was not reduced by the GGTaseI inhibitor.
To determine whether the apparent modification of Myc-Rab8 by GGTaseII observed in the preceding experiment might occur as a consequence of saturation of the GGTaseI pathway when Rab8 is overexpressed, we tested the effects of GGTI-298 on the prenylation of endogenous Rab8 immunoprecipitated from nontransfected 293 cells. As shown in Figure 4 , the inhibitor had no significant effect on the incorporation of [$H]MVA into endogenous Rab8 at a concentration (10 µM) that completely
Figure 5 Effects of a mutation in the switch-2 region of Rab8 on prenylation by GGTaseI and REP/GGTaseII in a cell-free assay
The indicated amounts of recombinant Myc-Rab8(wt) and Myc-Rab8(Y78D) were incubated for 10 min at 37 mC under the following conditions : (A) GGTaseII reaction conditions (20 ng REP, 20 ng GGTaseII αβ) or (B) GGTaseI reaction conditions (100 ng GGTaseI). Each point is an average of duplicate determinations, which did not vary by more than 10 %. 
Effects of a mutation that prevents Rab interaction with REP on prenylation of Rab8
The preceding studies suggest that Rab8 is prenylated predominantly through the action of the REP\GGTaseII complex, since prenylation of the protein shows no decline under conditions where the activity of GGTaseI is suppressed in intact cells. However, the inhibitor studies do not completely eliminate the possibility that Rab8 is normally prenylated by GGTaseI, and that when the latter enzyme is inhibited there is an efficient compensatory prenylation of the Rab8 substrate by GGTaseII. Recent studies have shown that prenylation by alternative enzymes can indeed occur in the case of a FTase substrate, KRasB, which is modified by GGTaseI when FTase is inhibited [46, 47] . In light of this possibility, we employed an entirely different approach to examine the enzyme specificity of Rab8 prenylation in intact cells. The strategy was based on our recent finding that amino acid substitutions in the predicted Rab1B ' switch-2 ' domain (e.g. Y78D in the region corresponding to the α2 helix in H-Ras [48] ) prevent REP association and thereby
Figure 6 Effects of a mutation in the switch-2 region of Myc-Rab8 on prenylation of the protein in intact cells
Cultures of 293 cells were transfected with expression vectors encoding Myc-Rab8(wt) or MycRab8(Y78D) and incubated in medium containing 10 µM lovastatin for 6 h. Cultures were then incubated for an additional 15 h in medium containing [ 3 H]MVA (200 µCi/ml) and 10 µM lovastatin. (A) Some 10 % of the total cell lysate used for immunoprecipitation was subjected to immunoblot analysis with monoclonal anti-Myc antibody to assess the expression of Myctagged Rab8. (B) Aliquots (10 %) of each immunoprecipitate were subjected to immunoblot analysis with a rabbit antibody against Rab8 to compare the relative amounts of Myc-tagged Rab8 recovered in each sample. Average recovery ratios (units of Rab8 in the immunoprecipitate/units of Myc in the cell lysate) were 1n31 for Rab8(wt) and 1n15 for Rab8(Y78D). (C) The remaining 90 % of each immunoprecipitate was subjected to SDS/PAGE and fluorography to detect abolish the ability of the Rab protein to serve as a substrate for GGTaseII in cell-free assays or intact cells [24] . Since substrate recognition by GGTaseI does not require a REP complex and depends mainly on the carboxyl-terminal CaaL tetrapeptide sequence, we reasoned that introduction of a similar switch-2 mutation into Rab8 should have no effect on prenylation by GGTaseI, while preventing prenylation by GGTaseII. To test these preductions, we introduced the Y78D mutation into Rab8 (the amino acid numbering in Rab8 is the same as in Rab1B) and compared the abiities of recombinant Myc-Rab8(Y78D) and Myc-Rab8(wt) to be modified by REPjGGTaseII or GGTaseI in the standard cell-free assays. As expected, the Y78D mutation prevented Rab8 from serving as a substrate for the REPdependent GGTaseII ( Figure 5A ). In contrast, the mutation did not impair the ability of Rab8 to serve as a substrate for GGTaseI ( Figure 5B ).
With evidence in hand that the Y78D mutation selectively prevents prenylation of Rab8 by GGTaseII, but not GGTaseI, we extended these studies to transfected 293 cells. Prenylation of Myc-Rab8(wt) versus Myc-Rab8(Y78D) was compared by labelling the expressed proteins with [$H]MVA. We hypothesized that if Rab8 is normally substrate for GGTaseI in intact cells, the Y78D mutation should have little or no effect on incorporation of the prenyl precursor into the altered protein compared with wild-type Rab8. As shown in Figure 6 , incorporation of [$H]MVA into Myc-Rab8(Y78D), normalized to the amount of Rab8 recovered in the immunoprecipitate, was reduced by 60-70 % compared with the Myc-Rab8(wt). This indicated that most of the prenylation of Rab8 in 293 cells is accomplished by means of the REP-dependent GGTaseII pathway. In a separate experiment the incorporation of [$H]MVA into the Y78D mutant was found to be further reduced from 30 to 10 % of the wild-type Rab8 by inclusion of GGTI-298 in the culture medium (data not shown). Thus the residual prenylation of Rab8(Y78D) appears to be due to GGTaseI-catalysed modification.
The Y78D mutant exhibited a slower mobility on SDS gels compared with the wild-type Rab8 ( Figures 6A and 6B ). We do not know the basis for this observation, but it does not appear to be related to differences in the prenylation of the Y78D mutant, since the [$H]MVA-labelled protein showed the same mobility shift ( Figure 6C ). The possibility that the reduced prenylation of Rab8(Y78D) was due to general instability of the Y78D mutant rather than a specific inability to serve as a substrate for REP\GGTaseII seems unlikely. The overall expression of Myc-Rab8(Y78D) was only slightly reduced compared with Myc-Rab8(wt) ( Figure 6A ) and the proportion of expressed protein recovered in the immunoprecipitate was the same for both constructs. Moreover, separate studies have shown that the Y78D mutation does not markedly impair guanine nucleotide binding to Rab1B(Y78D) [24] or Rab8(Y78D) (J. H. Overmeyer and W. A. Maltese, unpublished work).
DISCUSSION
The results of the present study demonstrate that Rab8 can be modified by two distinct geranylgeranyl transferases. In this respect, Rab8 differs from previously studied members of the Rab family, which can be modified only by GGTaseII. Rab8 was modified efficiently by GGTaseII in cell-free systems and intact cells, despite the presence of the classic GGTaseI prenylation motif, CVLL. Moreover, the mono-prenylation of Rab8 by GGTaseII was completely dependent on the presence of REP in the reaction, in accord with earlier work on di-geranylgeranylated Rab proteins ending with xxCC, xCxC and CCxx motifs [13] . Thus the carboxyl-terminal motif Cxxx, which is present in several other Rab proteins besides Rab8, can be added to the list of different cysteine configurations that are recognized by GGTaseII. The diversity of prenylation motifs among the Rab proteins highlights an interesting difference between GGTaseII and the other known mammalian protein prenyltransferases, FTaseI and GGTaseI. The latter enzymes exhibit considerable positional specificity with respect to the acceptor cysteine in the carboxyl-terminal prenylation site. For example, peptides ending with a Cxxx pattern are recognized while those with a xCxx motif are not [32, 34, 49] . In contrast, the expanding number of different carboxyl-terminal cysteine motifs that can be prenylated by GGTaseII suggests that once a Rab protein is bound to REP, substrate recognition by the catalytic component, GGTaseII, is not restricted to a specific cysteine arrangement within the terminal tetrapeptide sequence.
It remains unclear why Rab proteins must associate with REP to be prenylated by GGTaseII, whereas various other GTPases in the Ras superfamily can be prenylated as monomers. One obvious possibility is that unique structural characteristics of nascent Rab proteins render the carboxyl-terminal target cysteines inaccessible, so that a REP-induced conformational change is required to expose the prenylation site to the catalytic subunits of GGTaseII. The present finding that Rab8 can be geranylgeranylated by GGTaseI in a REP-independent manner suggests that, at least in the case of Rab8, the carboxyl-terminal cysteine is not masked in the monomeric protein. The observation that preincubation of Rab8 with a 2-fold molar excess of REP did not impede prenylation of this protein by GGTaseI further suggests that when REP binds to the Rab8 substrate, the CVLL motif remains accessible for interaction with either GGTaseII or GGTaseI. Finally, since a molar excess of REP did not interfere with the prenylation of Rab8 by GGTaseI, it is reasonable to infer that the Rab structural domains occupied by REP probably are distinct from those required for interaction with the αβ heterodimer of GGTaseI.
Although our studies demonstrate that Rab8 can be modified by GGTaseI under certain conditions, they also indicate that, compared with Cdc42Hs, it is a relatively poor substrate for this enzyme. One possible explanation for this finding is that conformational features unique to members of the Rab family hinder the interaction with GGTaseI. This is consistent with emerging evidence that GGTaseI may recognize structural elements in addition to the carboxyl-terminal CaaL motif. Specifically, Zhang et al. [50] recently demonstrated that while full-length N-Ras can serve as a substrate for GGTaseI, a carboxyl-terminal N-Ras peptide containing the Caax motif cannot.
Previous studies have established that the peptidomimetic compounds GGTI-297 and GGTI-298 selectively inhibit GGTaseI versus FTase in cell-free assays and intact cells respectively [43] . In the present study we extend these observations by demonstrating that these compounds do not inhibit GGTaseII at concentrations that block GGTaseI. These findings confirm earlier work showing that GGTaseII cannot recognize short peptides that mimic the carboxyl-terminal sequences of Rab proteins [8, 49] . One may envision several possible models that could explain the inability of the CaaL peptidomimetic inhibitors to block GGTaseII activity against CaaL-type Rab substrates. One possibility, suggested by the broad range of different cysteine configurations that can be prenylated by GGTaseII, is that substrate recognition by the αβ subunits of this enzyme depends not on a specific carboxyl-terminal cysteine motif, but on a unique ' prenylation signal ' structure formed by the specific orientation of terminal cysteine residue(s) combined with one or more upstream elements of the Rab protein. Based on the strict requirement for REP in the GGTaseII reaction, one might further speculate that the formation of such a ' prenylation signal ' structure depends on a conformational change that is induced when REP binds to the Rab protein. An alternative possibility is that REP induces a conformational change in the αβ subunits of GGTaseII, so that the enzyme becomes catalytically active only after the full REP\GGTaseII\Rab complex is assembled and the substrate binding site is already occupied by the Rab carboxyl-terminal cysteine domain. At present there is insufficient information to discriminate between these possibilities.
Technical limitations make it difficult to determine with absolute certainty which geranylgeranyl transferase normally modifies the majority of Rab8 and other Caax-type Rab proteins in intact cells. However, the results obtained using two different experimental approaches strongly suggest that REP\GGTaseII is the predominant pathway. Under conditions where GGTI-298 was used to block the activity of GGTaseI in cultured HEK293, there was no substantial impairment of geranylgeranylation of either overexpressed Myc-Rab8 or endogenous Rab8. It remains possible that the apparent prenylation of Rab8 by GGTaseII is a technical artifact that occurs only when GGTaseI activity is eliminated by the inhibitor. However, this scenario seems highly unlikely in view of the marked reduction in prenylation observed when the REP-binding-deficient Rab8(Y78D) mutant was studied in 293 cells. In particular, since the mutant was similar to wild-type Rab8 as a substrate for GGTaseI, we would have expected to see little or no decrease in its prenylation if most of the Rab8 expressed in 293 cells was modified by GGTaseI.
Although the present studies indicate that Rab proteins ending with a CaaL motif are modified predominantly by GGTaseII in i o, there did appear to be a minimal level of GGTaseImediated geranylgeranylation of Rab8(Y78D) in 293 cells. This observation may have some practical application in studies aimed at defining the mechanisms underlying the localization of nascent Rab proteins to specific intracellular membranes. Although it is clear from earlier work that the signals which direct Rab proteins to different compartments reside predominantly in their carboxyl-terminal hypervariable domains [51, 52] , it is well established that geranylgeranylation is a prerequisite for membrane association [8, 9] . Thus it has been difficult to examine the role of REP in the targeting mechanism, because point mutations that abolish the interaction between REP and Rab also prevent prenylation by GGTaseII [24] . However, it may now be possible to use naturally-occurring or genetically engineered Rab-CaaL constructs to determine whether the escort function of REP is indispensable. Given the similarities between REP and GDI in putative Rab binding domains [53] , it is also likely that mutations in the switch-2 region (e.g. Y78D) will prevent the association of GGTaseImodified Rab-CaaL constructs with endogenous cellular GDIs. Therefore, correct localization of these altered Rab proteins would suggest that specific subcellular targeting depends solely on information contained in the carboxyl-terminal hypervariable regions of the Rab monomers. Studies aimed at testing these possibilities are currently in progress.
